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Abstract: Here, we examine the effects of ploidy variation in Cannabis sativa L. cell lines on the plant
host genotype-associated microbiome. The endophytic microbiome has a protocooperative role in
improving plant health and productivity and represents an alternative to synthetic chemical fertilizers
and pesticides in sustainable agriculture. This study assessed the effects of seed endophytes on
diploid and triploid Haze hemp cultivars. Key phenotypic characteristics were evaluated, revealing
significant differences in seed germination in vitro as well as vegetative growth and flowering
in phytotron conditions. Endophyte-treated triploid plants exhibited significantly taller heights
compared to diploids (p < 0.01). These treated triploid plants also showed longer leaves at nodes 2,
6, and 8, except at node 4, indicating a plant in transition from vegetative growth to the generative
developmental stage. Additionally, triploids treated with endophytes displayed the highest number
of axillary branches, while endophyte-treated diploids had the fewest (p < 0.05). Both cultivars treated
with endophytes exhibited a higher number of inflorescences compared to untreated control plants.
This study revealed for the first time a direct correlation between the shifts in diameter of the stem
and the biomass in both tested hemp hosts, in association with endophytic microbiomes.

Keywords: Cannabis sativa L.; microbiome; endophytes; diploid; triploid; microbial communities;
axillary branches; inflorescences

1. Introduction

Cannabis sativa L. has been a part of human culture for centuries, evolving from
Central Asia, and is primarily cultivated for food [1,2], seeds, fibers, textiles, bioenergy,
recreation, and medicine [3–8]. Over the past 10 years, it has become increasingly popular
in the biochemical and chemical industries due to the production of secondary metabolites,
mainly ∆9 THC and CBD [9,10]. Although several types of beneficial microorganisms can
be found in plants, the endophytes that reside inside the living cells of healthy host tissues
play a significant role in providing resistance to biotic and abiotic stress [11]. In addition,
they promote the growth, health, production, and biosynthesis of essential metabolites.
Symbiosis between seed endophytes (SEns) and plants are ecologically important and
globally prevalent associations [12–15], providing prenatal care to plants [16].

Hemp is a diploid species, and polyploid plants are now offered commercially, as
polyploidy is a valuable tool in the genetic improvement of crop plants [17–20]. It provides
various advantages, such as the increased vigor, size, and quality of leaves, flowers, and
fruits [21,22]; improved tolerance to stress, pests, and diseases; the increased production
of secondary metabolites, which can have medicinal or aromatic properties; protection
from harmful mutations due to gene redundancy; and the ability to self-fertilize and
overcome reproductive barriers [23–31]. Understanding the mechanism by which the
microbiome acts in protocooperation [32,33] with ploidy in hemp is an important step
towards microbiome-assisted agriculture and future hemp breeding programs.
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The aim of this study is to assess the plant growth-promoting (PGP) potential of the
seed microbiome associated with distinct Cannabis sativa ploidy level strains. Two sets of
experiments were conducted. First, the Cannabis sativa T1 seed (2n) was randomly selected
among non-commercial strains (https://www.blueskyhempventures.com (accessed on 1
April 2024) to evaluate the seed germination response in vitro in cocultures with a whole
seed microbiome (WSM), seed endophytes (SEns), and epiphytes (SEps). Second, Suver
Haze is the sativa commercial line used to evaluate the three microbial treatments on hemp
genotype phenotypic responses and agriculture trait improvements under phytotron con-
ditions, which are plant growth chambers. Suver Haze is the result of crossing a Neville’s
Haze male with a Krishna’s Special female. Noteworthy for its high CBD content, mold re-
sistance, and impressive yield, this strain is cherished for its calming effects. It is cultivated
in both diploid (2n) and triploid (3n) lines, and these variations are typically ‘seedless’,
as they do not tend to produce viable seeds [34–36]. In this study we hypothesized that
the application of a native cannabis seed microbiome composed of WSM, SEns, and SEps
communities on diploid and triploid hosts could induce an alteration in seed germination
and exert distinct influences on plant growth promotion and phenotypic traits.

2. Materials and Methods

Two separate experiments were carried out on Cannabis sativa L. seeds to assess the
effect of the seed microbiome composition on seed germination and agricultural plant
host traits.

2.1. Cannabis Host Plants

First, the whole seed microbiome of diploid (2n = 2x) Cannabis sativa T1 seed (https:
//www.blueskyhempventures.com (accessed on 1 April 2024)) and its influence on germi-
nating hemp seeds in vitro was compared in separate treatments with seed epiphyte (SEp)
and seed endophyte (SEn) inoculants. Second, we used the purchased (GTR, Independence,
OR, USA) diploid (2n = 2x) and triploid (2n = 3x) lines of Suver Haze (sativa) and evaluated
WSM, SEn, and SEp microbial treatments on seed germination and various agricultural
traits under phytotron conditions.

A phylogenetic assessment of the C. sativa T1 line was determined by DNA sequencing
of the MADC6, a sex-related gene. SCAR primers (sequence-characterized amplified
region): SCAR119_F (5′-TCA AAC AAC AAA CCG-3′) and SCAR_119_R (5′-GAG GCC
GAT AAT TGA CTG-3) [37] were also used as they are the most reliable for evolutionary
analysis [38]. An evolutionary tree was rooted with Vitis vinifera, often used as a model
plant for rRNA sequence analyses and floral development [39], and was inferred by using
the maximum likelihood method with 1000 bootstrap and the Tamura–Nei model [40]. The
tree with the highest log likelihood (−9416.12) is shown. Initial tree(s) for the heuristic
search were obtained automatically by applying neighbor-join and BioNJ algorithms to a
matrix of pairwise distances estimated using the Tamura–Nei model, and then selecting
the topology with the superior log likelihood value. The tree was drawn to scale, with
branch lengths measured in the number of substitutions per site. This analysis involved
6 nucleotide sequences. There was a total of 3475 positions in the final dataset. Evolutionary
analyses were conducted in MEGA11 [41].

2.2. Inoculum Preparation

Visually healthy cannabis seeds were packed in aluminum foil sealed bags and kept at
4 ◦C for long term storage [42]. Seeds were rinsed in 95% ethanol for 10 s prior to sowing on
potato dextrose agar (PDA) plates without antibiotics; the plates were incubated at 23 ◦C in
darkness to allow germination until 1 cm radicle emergence [43,44]. There were three seed
microbial communities that were reintroduced to seeds as inoculants: seed epiphytes (SEps
from outer seed part or coat), seed endophytes (SEns from inner seed part comprising
endosperm and embryo), and the whole seed microbiome ((WSM) from both outer and
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inner seed parts), respectively. There was a negative control in which only seeds were
grown without any treatments. All seeds were properly sterilized (Figure 1).

Figure 1. Surface sterilization procedure for seeds.

For the whole seed WSM inoculum preparation, 5 seeds were used to prepare a stock
of the inoculum. A pestle and mortar were employed for crushing and grinding them
into a powder to be submerged in 900 µL of sterile distilled water to obtain a fine paste
as an initial stock. A total of 100 µL of the sample was taken from the initial stock for
serial dilutions to obtain 2 × 104 cells/mL inoculum. A total of 200 µL of 2 × 104 cells/mL
were placed at the center of the petri plate [45,46] as a seed inoculation method (Figure 2).
For seed endophytes (SEns), seed coats were removed from 5 seeds and then germinated
until 1 cm of the radicle was visible. Germinants were crushed with pestle and mortar
in the presence of 900 µL of sterile distilled water. For seed epiphytes (SEps), 5 cannabis
seed coats were removed and crushed with the same quantity as mentioned above with
pestle and mortar. The same dilutions were prepared and used for all 3 treatment studies
(Figure 2).

Figure 2. Serial dilutions of seed endophytes (SEns) prepared to 2 × 104 cells/mL.

Peat, sand, and vermiculite were prepared in the ratio of 3:2:1 and added to a sterile
petri plate. Five fresh hemp seeds (https://www.blueskyhempventures.com (accessed on
1 April 2024)) were allowed to germinate at equal distances from each other in a circle in
1 petri plate after proper sterilization. After the 2nd day of germination, 200 µL of the WSM,
SEn, and SEp inoculum preparation were added individually to the centers of different
petri plates [45] (Figure 3).

https://www.blueskyhempventures.com


Int. J. Plant Biol. 2024, 15 1121

Figure 3. In vitro method used for reintroducing a native seed microbiome on germinating Cannabis
sativa seeds [45]. Microbial inoculum consisted of ground Cannabis sativa seeds prepared as a pellet,
containing seed microbiome embedded in embryonic and endospermic healthy tissue/cells as a
suitable substrate or medium to fortify seed recolonization by microbes (see for detail in M & M).

2.3. Experiment 1—In Vitro
2.3.1. Seed Germination Assay

Cannabis T1 line seeds were germinated in 100 mm × 15 mm petri plates, and the
germination rate was calculated at days 2, 4, 7, and 10 of each treatment for SEps, SEns,
and WSM, including seeds without any treatment as a control [47]. Five seeds were plated
in triplicate on PDA and kept in dark at a room temperature of 21 ◦C (Figure 3). When
radicles of 1 cm in length came out, the inoculum pellet, a powder of seeds containing
native microbiome, was added to the center of the 10 cm petri dish. The mean and standard
error were determined for various experiments, including seed germination, weight of the
germinant, and radicle size.

2.3.2. Identification of Fungal and Bacterial Taxa

Seeds, flowers, and leaves from both diploid and triploid Suver Haze plants were
allowed to grow on separate potato dextrose agar (PDA) for a week and pure cultures were
obtained by transferring the individual colony type from mixed cultures to the fresh agar
plate. Colony forming units were calculated for each pure culture obtained and their mor-
phology was identified and validated based on DNA sequences [44]. Genomic DNA from
these pure cultures were extracted using DNeasy Plant Kit # 69104 (Company—Qiagen,
Toronto, ON, Canada), which were then amplified using forward (CS1_ITS3_KYO2-5′-
ACA CTG ACG ACA TGG TTC TAC AGA TGA AGA ACG YAG TRAA-3′) and reverse
(CS2_ITS4-5′-TAC GGT AGC AGA GAC TTG GTC TTC CTC CGC TTA TTG ATA TGC-3′)
universal ITS primers [48,49]. PCRs were performed in a reaction volume of 25 µL con-
sisting of 10 ng/µL DNA, 1× buffer with 2 mM MgCl2 0.2 mM dNTPs, 0.5 µM forward
and reverse primers, and 0.1 U Taq polymerase. Amplifications were performed for initial
denaturation at 95 ◦C for 5 min, followed by 40 cycles of denaturation at 95 ◦C for 30 s
annealing at 58 ◦C for 45 s and extension at 72 ◦C for 45 s with completion at the final
extension of 72 ◦C for 5 min. A PCR product of 400 bp was run on 1.2% agarose gel made
in 0.5× TAE buffer, and then gel extraction was performed with Qiagen gel extraction kit
Catalog # 28704, which was then sent for sequence analysis by the Sanger method to the
NRC (National Research Council, Saskatoon, SK, Canada).

The same parts of the plants were also grown on Luria–Bertani (LB) plates for bacterial
isolation and incubated at 21 ◦C over 3 days. The dilution series was applied [50] to isolate
bacteria and purified colonies from mixed bacterial cultures. Genomic DNA from each
purified culture were extracted using DNeasy Plant Kit # 69104 (Company—Qiagen), which
were then amplified using forward (CS1_341-5′-ACA CTG ACG ACA TGG TTC TAC ACC
TAC GGG NGG CWG CAG-3′) and reverse (CS2_806-5′-TAC GGT AGC AGA GAC TTG
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GTC TGA CTA CHV GGG TAT CTA ATC C-3′) universal 16S rRNA primers [51]. PCRs
were performed in a reaction volume of 25 µL consisting of 10 ng/µL DNA, 1× buffer
with 2 mM MgCl2, 0.2 mM dNTPs, 0.5 µM forward and reverse primers, and 0.1 U Taq
polymerase. Amplifications were performed for initial denaturation at 95 ◦C for 5 min,
followed by 40 cycles of denaturation at 95 ◦C for 30 s annealing at 60 ◦C for 45 s and
extension at 72 ◦C for 45 s, with completion at the final extension of 72 ◦C for 5 min.
PCR products of 450 bp were run on 1.2% agarose gel made in 0.5× TAE buffer, and then
gel extraction was performed with Qiagen gel extraction kit Catalog # 28704, which was
then sent for sequence analysis by the Sanger method to the NRC (National Research
Council, Saskatoon, SK, CanadaSaskatoon. Relative abundance of fungal and bacterial
communities was calculated by counting the number of colonies found on the PDA and LB
plate; its frequency by richness and evenness was calculated using the Shannon–Weiner
diversity index.

2.4. Experiment 2—In Phytotron

The most effective seed endophytic (SEn) microbiome tested under Experiment 1 was
applied on diploid and triploid Suver Haze, commercial cultivars of C. sativa plants, as
presented in Figure 3. The germinants were grown in vitro for 5 days under laboratory
conditions and were transferred from petri dishes to separate plastic trays (filled with
sterilized peat, sand, and vermiculite; ratio 3:2:1) to avoid cross-contamination between
treatments. Roots were covered with 0.6 cm of sterile Sunshine 4 soil and seedlings were
watered regularly. After 1 week of growth and adaptation, the seedlings were transplanted
into large 4 L pots with Sunshine 4 soil for growing in Phytotron chambers. The phytotron
conditions were controlled on a daily basis to maintain light (16:8 h of light/dark using
T5HO835 Fluorescent lamps at 3500 K color temp), temperature (25 ◦C), and humidity
(55–60%). During the flowering phase of the plant, the light was switched to a 12:12 h,
light/dark regime. All experiments were performed in triplicate; data were collected and
statistically analyzed.

Plant Phenotypic Traits

Plant height was measured using a ruler on three randomly selected replicates every
week for 10 weeks. The length and width of the leaves were also measured on 3 randomly
selected replicates at nodes 2, 4, 6, and 8. Measurements of nodes 2, 4, 6, and 8 were
obtained at weeks 2, 5, 7, and 10, respectively.

The days of flowering and senescence were evaluated by assessing the number of days
before plant flowering, maturation, and senescence. The estimated marginal means of days
of flowering and senescence were calculated on three randomly selected replicates. Also,
the estimated means of the number of axillary branches (n = 3; taken every week when
flowering started until plant reached senescence), the number of inflorescences assessed in
mature flowering plants, and the internodal distances, were also monitored every week
when flowering started and reached senescence [52–54].

When plants reached senescence, fresh shoot weights were measured for randomly
selected plants (n = 3) and then those plants were kept in a desiccator for 3–4 days until
shoots were dried. Comparisons were made for fresh and dry plant samples [47,55].

Measurement of photosynthesis by a chlorophyll fluorometer is a common method
used to assess the health of every crop plant, including hemp [56,57]. It involves measuring
the maximum efficiency of photosystem II (PSII) photochemistry in dark-adapted leaves.
To determine this ratio, a weak modulated measuring beam is applied to determine the
minimal fluorescence yield in a dark-adapted leaf (F0), and a saturating flash is then
superimposed to induce the maximal yield of chlorophyll fluorescence (Fm) [58,59]. An
Fv/Fm value in the range of 0.79 to 0.84 is considered optimal for many plant species, with
lower or higher values indicating plant physiological stress (3 replicates of each treatment
were used).
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Transparent tape was used as a traditional method to measure stomatal size (SS)
and density (SD); stomata cover the epidermis of leaves and play an important role in
physiological behavior of plants [60,61]. The tape allowed for making the impression and
viewing stomata under a microscope for completing the analyses [62].

2.5. Statistics and Principal Component Analysis

Statistical analyses for all the above parameters were performed using a one-way
analysis of variance (ANOVA) technique, which was followed by post hoc Tukey’s honest
significant difference (HSD) and least significant difference (LSD) tests to determine the
statistical significance at p ≤ 0.05 using SPSS (IBM SPSS statistic 22).

Principal component analysis (PCA) was used as a dimensionality reduction technique
to analyze patterns in multivariate experimental data [63,64]. A Bray–Curtis dissimilarity
matrix was calculated between all pairs of samples based on the relative abundances of
different parameters considered here using Origin Pro 8 software [65]. The dissimilarity
matrix represents the pairwise differences in composition between samples.

Principal component analysis (PCA) is an effective approach to measure genetic
divergence between germplasm genotypes with respect to their characteristics. The PCA
graphical presentation was generated by using Origin Pro 8 software. In this software, data
were normalized using Min-Max Scaling where scaling data were selected accordingly. Ten
parameters were selected for all four different cultivars with 6 samples in each parameter
for the analysis [66,67].

3. Results
3.1. Experiment 1
3.1.1. Cannabis sativa T1 Strain

To assess the identification of the Cannabis sativa T1 strain (GenBank accession no.
PQ479350;), a phylogenetic tree rooted with Vitis vinifera was created using the MADC6
sexual gene (Figure 4). The T1-MADC6 sequence blast against the GenBank public database
(https://www.ncbi.nlm.nih.gov/genbank/ (accessed on 1 April 2024)) resulted in 97%
similarity with C. sativa GenBank accession no. AF364955. The results of evolutionary
phylogenetic analyses based on the maximum likelihood method showed that the T1 strain
forms a unique clade with typical C. sativa strains closely related with its marker gene
deposited in GenBank (AF364955).

3.1.2. Dynamic of T1 Germination

The highest percentage of seed germination was recorded on day 4, while the lowest
was seen on day 2 in all treatments (Figure 5). Untreated seeds (control) show a pronounced
germination at day 2 and day 4, while germination for the whole seed microbiome (WSM),
epiphyte (SEp), and endophyte (SEn) treatments shifted with a peak on day 7 and 10 when
compared to the control group.

The cumulative germination over 10 days of incubation (Figure 6) shows that the
whole seed (WS) microbiome was correlated with the highest percentage of germination as
compared with the individually applied functional group of epiphytes (SEps) and a similar
percentage of germination with endophytes (SEns).

3.1.3. Germinant Biomass Formation and Radicle Size

Germinative biomass was measured on day 5 (Figure 7) during the phase of maximum
germination rate (Figure 5). By day 5, the lowest germinant biomass was produced under
the control and WS microbiome treatments, an increased biomass was produced under SEp
treatment, and maximum biomass was induced by the SEn treatment (Figure 7A). Similarly,
the radicle size (Figure 7B) was more pronounced under SEn compared to the SEp and
WSE treatments.

https://www.ncbi.nlm.nih.gov/genbank/
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Figure 4. Male-specific MADC6 evolutionary position of Cannabis sativa T1 strain (GenBank accession
no. PQ479350) using maximum likelihood method with 1000 bootstrap. Numbers above the nodes
are bootstrap values. The tree is rooted with Vitis vinifera (Gene Bank accession no. AM463810.2). The
red box indicates the phylogenetic position of the T1 strain.

Figure 5. Progressive germination of Cannabis sativa seeds T1 on days 2, 4, 7, and 10 under different
treatments of seed epiphytes (grey), seed endophytes (yellow), and whole seed microbiome (orange).
Data are means and standard errors of three replicates (two-way ANOVA with LSD test, * p < 0.05,
** p < 0.01, *** p < 0.001).
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Figure 6. Cumulative germination percentage of Cannabis sativa seeds T1 treated with whole seed
microbiome (orange), seed epiphytes (grey), seed endophytes (yellow), and control—without treat-
ment (blue). Data are means and standard errors of three replicates (one-way ANOVA, * p < 0.05,
** p < 0.01). WS—whole seed, SEp—seed epiphyte, and SEn—seed endophyte.

Figure 7. Dynamic of Cannabis sativa T1 seed germination displays germinant biomass formation (A)
and size of the radicle (B) on day 5. Data are means and standard errors of three replicates (one-way
ANOVA, * p < 0.05, ** p < 0.01). WS—whole seed, SEp—seed epiphyte, and SEn—seed endophyte.
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3.2. Experiment 2
3.2.1. Diversity of Fungi and Bacteria

The microbial communities of cannabis plants treated with the same SEn seed micro-
biome showed important host genotype-dependent structural differences. The culturable
endophytic microbiome of the diploid Suver Haze cultivar was composed of 46 fungal (ITS
rRNA) and 62 bacterial (16S rRNA) strains. The triploid Suver Haze showed a decreased
number of both fungal and bacterial inhabitants, with 24 and 28 strains, respectively. In
terms of the fungal community composition (Figure 8), Penicillium, Fusarium, and Cladospo-
rium genera dominated in diploid cultivars, whereas Penicillium and Chaetomium were
dominant in triploid cultivars, with Alternaria strains as codominant. While Penicillium
and Alternaria mainly occupied seeds, Penicillium, Fusarium, Alternaria, and Chaetomium
colonized flowers. Aspergilus was only detected in triploid host leaves. In terms of the
relative bacterial diversity (Figure 9), Bacillus, Streptomyces, and Klebsiella were the dominant
genera in diploid cultivars. In particular, Bacillus showed very high—an 85% abundance—
in the triploid Suver Haze host. While Bacillus occupied all diploid and triploid hosts
organs, Streptomyces mainly occurred in flowers, while Enterobacteria (Enterobacter, Pantoea,
Klebsiella, and Erwinia) dominated in leaves.

Figure 8. Relative abundance of fungal taxa in diploid and triploid plant hosts. The unknown genera
of fungi were regrouped within the taxonomical orders. (Shannon–Weiner diversity index calculated
for diploid H = 2.29 and triploid H = 1.9).

3.2.2. Plant Growth Dynamics

The untreated diploid Suver Haze plants were taller than seed endophyte (SEn)
treated diploid plants. The results were persistent over time or between 3 and 10 wks of
assessment (Figure 10A). The opposite characteristics were observed in the triploid host
(Figure 10B), where untreated triploid plants (control) were shorter as compared to SEn
treated plants. In addition, the average triploid plants were taller (~120) cm than diploid
(~90–100 cm) plants.

3.2.3. Leaf Size and Nodes

The length (Figure 11) and width (Figure 12) of leaves were measured in diploid
and triploid Suver Haze genotypes on nodes 2, 4, 6, and 8. It was found that node 2
of the untreated diploid plant showed an increased length of leaves as compared to the
SEn-treated plant, whereas at nodes 4, 6, and 8, SEn-treated diploid plants have increased
length compared to the untreated control. In the case of triploids, at nodes 2, 6, and 8, seed
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endophyte-treated plants showed increased length as compared to the untreated plant;
however, at node 4, it was exactly the opposite. Overall, the triploid plants showed longer
leaves (~15 cm) compared with diploids (~10 cm). In diploid plants treated with seed
endophytes, leaf width was greater compared to untreated diploid plants. Conversely, in
triploid plants at the 4th, 6th, and 8th nodes, untreated triploid leaves exhibited a broader
size in comparison to seed endophyte-treated triploids. The opposite was recorded for the
second node.

Figure 9. The relative abundance of bacterial taxa in diploid and triploid plant hosts. The unknown
genera of bacteria were regrouped within the taxonomical orders. (Shannon–Weiner diversity index
calculated in diploid H = 2.65 and triploid H = 0.53).

3.2.4. Timelines of Flowering and Senescence

A negative disparity in flowering durations (Figure 13A) between control (~100 days)
and seed endophyte-treated diploid plants (~96 days) was found; however, in triploids,
the endophyte-treated plants showed reduced flowering time (~85 days) when compared
to their untreated counterparts (~100 days). The days of senescence (Figure 13B) were
increased in seed endophyte-treated diploids (~155 days) and triploids (~180 days) as
compared to their control counterparts (~150 days). Overall, both diploid and triploid
plants treated with seed endophytes experienced longer growth phases as compared to
untreated ones.

3.2.5. Quantitative Analysis of Branching Architecture

The number of axillary branches (Figure 14A) was the highest in triploids treated
with SEn and lowest in diploids treated with SEn compared to the untreated control (A).
The number of inflorescences (Figure 14B) was higher in SEn-treated diploids (~105) and
triploids (~118) as compared to their non-treated counterparts (~90). A greater number of
inflorescences was directly proportional to more flowers (Figure 14B). Figure 14C showed
that the internodal distance is highest in the SEn-treated triploid plants (7.5 cm) and lowest
in the SEn-treated diploid plants (5 cm), indicating that the values in untreated plants in
both hemp genotypes lie in between these ranges.

3.2.6. Correlation Between Photosynthetic Rates and Stomatal Impressions

Figure 15A showed the photosynthesis (PSII) Fv/Fm ratio which was in the range of
0.79–0.83. The high number of stoma imprints was found in triploid (~170) as compared to
diploid (~150) plants (Figure 15B).
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Figure 10. Plant height growth dynamics measured at different node stages in Suver Haze diploid
(A) and triploid (B) plants. Measurements were obtained at weeks 3, 4, 5, 6, 7, 8, 9, and 10. D-Control:
diploid control; D-Endo: diploid SEn; T-Control: triploid control; T-Endo: triploid SEn. Data are
means and standard errors of three replicates (two-way ANOVA with LSD test, * p < 0.05, ** p < 0.01,
*** p < 0.001).

3.2.7. Shoot and Root Biomass

It was observed that fresh shoot weight increased in seed endophyte-treated triploid
plants (~65 g), whereas it was the lowest in SEn-treated diploid plants (~50 g). In terms of the
dry shoot weight, the highest values were recorded in untreated diploid plants (~25 g) and
the lowest in untreated triploid cultivars (~15 g). A linear regression analysis of diploid and
triploid plants (Figure 16A,B) showed the effect of fresh and dry shoot weight compared with
the diameter of the stem (R2 = 0.93–0.98). As the diameter of the stem increases, so does the
biomass of the shoots. Slope rate was increased in diploids as compared with triploids and
a greater rate of change in fresh shoot and dry shoot in diploids were seen compared with
triploids. The slope angle in the diploid fresh shoot and triploid fresh shoot was found to
be 13◦ and 9◦, respectively, whereas it was 7◦ and 4◦ in the dry shoot diploids and triploids,
respectively. Further, the analyses showed the fresh (Figure 17A) and dry root (Figure 17B)
weight compared with the diameter of the stem (R2 = 0.89–0.96). The fresh root weight was
the highest and the same in seed endophyte-treated and untreated triploid cultivars (~15 g),
whereas it was the lowest in seed endophyte-treated diploid cultivars (~7 g). Regarding dry
root weight, it was increased from the diploid untreated (~1.8 g) to the SEn-treated diploid
(2.75 g), being the highest in untreated triploid (3.1 g) plants with a slight decrease in SEn-
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treated triploids (2.5 g). A linear regression analysis of diploid and triploid plants in Figure 17
showed that the rate of change in fresh root diploids and triploids was greater than in dry
root diploids and triploids. The weight of the root in diploids ranged from 7 to 12 g whereas
in triploids, it ranged from 12 to 18 g. The slope angle for diploid fresh roots and triploid fresh
roots was consistent at 10◦, indicating a similarity in their profiles. In contrast, both diploid
and triploid dry shoots exhibited a slope angle of 4◦.

Figure 11. Length of leaves at different nodes in diploid (A) and triploid (B) plants during the
vegetative phase of the Suver Haze life cycle. Measurements were obtained at weeks 2, 5, 7, and
10 for nodes 2, 4, 6, and 8. D-C-diploid control; D-Endo-diploid SEn; T-C-triploid control; T-Endo-
triploid SEn. Data are means and standard errors of three replicates (two-way ANOVA with LSD test,
* p < 0.05, ** p < 0.01, *** p < 0.001).
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Figure 12. The width of leaves at different nodes in diploid (A) and triploid (B) plants during the
vegetative phase of the Suver Haze life cycle. Measurements were obtained at weeks 2, 5, 7, and 10
for nodes 2, 4, 6, and 8. D-C: diploid control; D-Endo: diploid SEn; T-C: triploid control; T-Endo:
triploid SEn. Data are means and standard errors of three replicates (two-way ANOVA with LSD test,
* p < 0.05, ** p < 0.01).

3.2.8. Principal Component Analysis—Hosts, Traits, and Treatments

Principal component analysis (PCA) calculated using Bray–Curtis measurements
(Figure 18) showed that the length of leaves was clustered with the untreated diploid
between the PC2 axis on the positive side and PC1 on the negative side. In the opposite
direction, the width of leaves and PstII (photosynthesis) were clustered till the positive side
of the PC1 axis and the negative side of the PC2 axis; this cluster seems to not be specifically
associated to any cultivar or treatment tested. The flowering days and phytohormone levels
clustered together in both the diploid and triploid untreated cultivars. This clustered till the
negative side of both the PC1 and PC2 axes. Further, the phytocannabinoid, inflorescence,
senescence, height, and internodal distances are closely related to triploid endophytes as a
separate cluster between 61.46% and 29.76% of the total variance, respectively.
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Figure 13. Days of flowering (A) and senescence (B) were calculated for different treatments in Suver
Haze plants. D-Control: diploid control (blue); D-Endo: diploid SEn (orange); T-Control: triploid
control (grey); T-Endo: triploid SEn (green). Data are means and standard errors of three replicates
(one-way ANOVA, * p < 0.05; ** p < 0.01).

Figure 14. Number of axillary branches (A), inflorescence (B), and means of internodal distance (C)
calculated for different treatments of Suver Haze plants. D-Control: diploid control (blue); D-Endo:
diploid SEn (orange); T-Control: triploid control (grey); T-Endo: triploid SEn (green). Data are means
and standard errors of three replicates (two-way ANOVA, * p < 0.05).
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Figure 15. (A) Fv/Fm ratio calculated for different treatments on 2 lines of Suver Haze hemp cultivar;
(B) represents the number of stomata present on diploid and triploid plants. Photomicrograph of the
abaxial leaf surface taken from transparent tape imprints (C). Stomata viewed under a microscope
at 100× magnification. D-Control: diploid control (blue); D-Endo: diploid SEn (orange); T-Control
(grey): triploid control; T-Endo: triploid SEn (green).

Figure 16. Regression analysis of fresh and dry shoot weight in relation to the diameter of the stem in
Suver Haze diploid (A) and triploid (B) plants.



Int. J. Plant Biol. 2024, 15 1133

Figure 17. Regression analysis of fresh and dry root weight in relation to the diameter of the stem in
Suver Haze diploid (A) and triploid (B) plants.

Figure 18. Principal component analysis based on the Bray–Curtis dissimilarity between different
phenotypic parameters associated with Suver Haze plants grown in a phytotron chamber.
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4. Discussion

The results of the in vitro study (Exp.1) revealed a high efficacy of cannabis seed endo-
phytes (SEns) in promoting seed germination compared with seed epiphytes (SEps) and
the whole seed microbiome (WSM). The promotion potential of SEns was further evaluated
in planta (Exp.2). SEns reintroduced into the host plant during seed gemmation [11,16]
enhanced early plant growth and improved traits in diploid and triploid treated plants
compared with untreated plants. Multiple phenotypic improvements included germinant
development, vegetative plant growth, and flowering. Microbial diversity in triploid plants
was somewhat reduced compared with diploid plants under controlled phytotron condi-
tions. The reduced microbial diversity often occurs in plants exposed to environmental,
biotic, and/or abiotic stresses [68], and is hypothesized to assist stressed plants to adapt
and thrive [69]. It seems that the lower microbial diversity in Suver Haze triploids may
signify differences in the adaptability of different genome sizes. It is interesting that poly-
ploidization in other members of the kingdom of plants also resulted in an increasing
reduction in microbiome diversity [16,70]. In this study, we detected a stable Penicillium
and increased Chaetomium and Bacillus presence in triploid hemp, possibly responsible
for the reduction in phytopathogenic Fusarium and Cladosporium when compared with
diploid host. It is unclear whether improved plant resistance and phenotypic prediction
in Cannabis polyploids can be predicted by combining plant genetics and microbiome
associations, but it will be interesting to evaluate the role of the endophytes in polyploid
hemp plants in fields to develop accurate predictions of plant performance under changing
environmental conditions.

In terms of phenotypic traits, diploid Suver Haze plants without treatment displayed
greater height compared to triploids (weeks 4, 6, 8, 9: p < 0.05; weeks 3, 7, 10: p < 0.01;
week 5: p < 0.001), whereas untreated (control) plants were shorter than their endophyte-
treated counterparts (weeks 3–10: p < 0.05; week 4, 8: p < 0.01; week 6: p < 0.001). These
changes could be also due in part to the genetic differences in the plant that influence
their response to treatments [36,71]. This might be driven by differences in cannabis
genotype phototropism, the hormonal and growth responses to optimized LED light
indoor environments. It has been reported [72–74] that the apical meristem, located at
the tips of shoots and roots, is particularly sensitive to light. In the case of shoots, this
often leads to upward growth [75–77]. This height disparity is possibly influenced by a
complex interplay of Suvar Haze genetics and endophyte interactions, as previously shown
in cannabis [78–81]. In this study, triploid plants exhibited an overall greater height than
diploids, stating that triploids are made taller than diploids.

According to Fernandes et al., 2023 [82] hemp plant morphology revealed a significant
increase in plant height and leaf size with increasing ploidy levels in a cultivar-dependent
manner. Based on this study’s results, the influence of light on leaf length and width
varied between cultivars. Leaves exposed to sufficient light may exhibit increased vigor,
cell expansion, and elongation, resulting in longer and wider leaves [83–85]. Although
this is a complex biological process, our study demonstrated an important influence of
endophytes on this particular trait controlled by various physiological and developmental
mechanisms. Controlled lighting conditions created a favorable environment for balanced
photosynthetic activity and energy production in plants, which allows to differentiate trade-
offs as recognized coexistence mechanisms between mutualistic groups of endophyte and
host plants towards enhanced photosynthesis [86]. The variations in leaf length at specific
nodes further emphasizes the intricate relationship between endophytes and plant growth.
In diploids, untreated plants showed longer leaves at node 2, while seed endophyte-treated
diploids displayed extended leaf lengths at nodes 4, 6, and 8. A similar trend was observed
in triploids, with treated plants having longer leaves at nodes 2, 6, and 8, except at node
4. It seems this phenomenon could be related to the transition from the vegetative to the
flowering stage after 4th node production. This could be also influenced by the microbial
dynamics and shifts in communities [87,88] associated with hormonal profile changes
over the plant growth stages [89]. Spitzer-Rimon et al., 2022 [90] reported that the hemp
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plant shifts into the reproductive stage when a pair of solitary flowers emerges at the 7th
node. Examination at the histological level revealed that this transition involves the fresh
formation of flower meristems that are absent during the vegetative stage or lying dormant
at nodes 4 and 6. Additionally, a significant shift occurs in the transcriptomic profile of
genes related to flowering across nodes 4, 6, and 8, as indicated in this study.

We also found that overall cannabis plant biomass formation, dynamics, and produc-
tivity can be accurately and rapidly evaluated by the stem diameter assessment. The higher
the diameter of the stem, the higher the biomass of the shoots and roots is. It seems that the
diameter size is directly proportionate to plant physiological potential for absorbing water
and nutrients as well as more physical stability for a higher biomass. This study for the
first time reports the direct correlation between the diameter of the stem and aboveground
biomass, as well as the diameter of the stem and root biomass for accurate hemp growth
prediction [91,92].

Polyploid plants often have larger leaves, which in this study, coincides with a greater
number of stomata per photosynthetic surface area for gas exchange, which can increase the
uptake of carbon dioxide needed for photosynthesis. However, the naturally smaller leaves
of diploid plants underwent greater surface expansion when treated with endophytes
compared with triploid plants. It seems that endophytes modify plant leaf characteristics
and photosynthetic activities in a host-specific manner. Additionally, the duration of the
flowering phase highlighted that endophyte-treated triploids flowered earlier than their
untreated counterparts, suggesting that triploid plants remain more physiologically active.
The extended days of senescence in both endophyte-treated diploids and triploids indicate
that endophyte treatment may prolong plant lifespan in both cultivars by eventually
reinforcing the biosynthesis of primary and secondary metabolites, which contribute to
the overall health and longevity of the plant [93,94]. The number of axillary branches
and inflorescences revealed significant differences. Triploids treated with endophytes
had the highest number of axillary branches, while endophyte-treated diploids had the
fewest, with untreated cultivars falling in between. Moreover, endophyte-treated plants
in both cultivars displayed a higher number of inflorescences, implying the potential for
increased phytocannabinoid production. Internodal distances were the longest in seed
endophyte-treated triploids and shortest in seed endophyte-treated diploids, with untreated
cultivars falling in between. Hence, the results revealed that endophytes could affect the
spatial arrangement of nodes with possibly vital consequences to plant physiology and
productivity [95,96].

The Fv/Fm values in plants with and without endophytes were within an optimal
range for all four cultivars. This study confirms normal growth (i.e., no stress) in both
untreated and microbiome-treated plants under optimized (temperature/humidity/light)
conditions in the phytotron chambers [97,98]. Further, stomatal imprints revealed a higher
stomatal density in triploids compared to diploids. This shift in stomata number should
have implications for leaf water use efficiency and gas exchange. The stomata are enabling
vital physiological processes and balanced photosynthetic activities [95]. The dynamic
change in stem diameter is a good indicator of changes in both the fresh and dry biomass
of plants. This funding allows to establish a new, simple, and rapid method to estimate
the biomass of the cannabis plant during its developmental growth stages. Principal
component analysis showed that the width of the leaves and PstII (photosynthesis) cluster
seems to not specifically be associated to any cultivar or treatment tested. Leaf width
seems to be an additional important parameter to evaluate the physiological strength of the
plant [99–101]. Indeed, leaf width can directly influence photosynthesis, which qualifies
this agricultural trait as a good indicator of the efficiency of photosynthesis in symbiotic
Cannabis sativa L. plants.

5. Conclusions

In conclusion, the intricate interplay between ploidy levels, the seed microbiome, and
beneficial endophyte treatment influences various aspects of cannabis development and
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performance. These findings provide valuable insights into the potential of endophytic
symbionts to modulate plant characteristics, flowering times, and overall performance,
with implications for the hemp industry and agriculture. PCA analyses demonstrated
measurable differentiation between diploid and triploid cannabis hosts and the associated
microbiome-induced traits. Further research is needed to unravel the underlying mecha-
nisms behind these study results. The pivotal role of SEns in shaping plant traits in both
diploid and triploid hemp lines was observed. To delve deeper into this phenomenon and
improve our understanding, comprehensive research that centers on investigating specific
parameters, such as the production of secondary metabolites, hormones, and proteins by
these plants in interaction with endophytes, under control and field conditions [102–104],
should be taken into consideration.
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